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Summary
A number of modified histones, including acetylated
H3 and H4 and phosphorylated H2AX (H2AX), are as-
sociated with V(D)J recombination and class switch
recombination (CSR). In contrast, little is known con-
cerning the chromatin modifications associated with
somatic hypermutation (SHM) in vivo. Here, we report
that several modifications—including histone acety-
lation and H3-lysine 4 methylation—fail to demarcate
an actively hypermutating immunoglobulin (Ig) locus
or to correlate spatially with SHM within Ig loci. Fur-
thermore, no obvious association between SHM and
H2AX could be detected. Instead, we find that the
phosphorylated form of histone H2B (H2BSer14P) cor-
relates tightly with SHM and CSR. Phosphorylation of
H2B within Ig variable and switch regions requires
AID and may be mediated by the histone kinase Mst1.
These findings indicate that SHM and CSR trigger
distinct DNA damage responses and identify a novel
histone modification pattern for SHM consisting of
H2BSer14P in the absence of H2AX.
Introduction
Somatic hypermutation (SHM) diversifies immunoglob-
ulin (Ig) loci in the context of an antigen-dependent ger-
minal center (GC) reaction, contributing to the genera-
tion of B cell receptors with high affinity for antigen. To
ensure genomic integrity, SHM needs to be stringently
targeted. Not only is SHM targeted specifically to Ig
loci, but it also mutates the same 1–2 kb region within
all three Ig loci. This region encompasses the re-
arranged V region and flanking 3# intronic sequence but
excludes the constant (C) region (Storb et al., 1998).
In the Ig heavy (IgH) chain locus, mutations are also
introduced into switch (S) regions as a consequence of
class switch recombination (CSR) (Manis et al., 2002).
Activation-induced cytidine deaminase (AID) is ex-
pressed in GC B cells and is an essential protein factor
for SHM and CSR (Muramatsu et al., 2000; Revy et al.,
2000). AID is thought to initiate both of these reactions
by deaminating cytosine bases to generate uracils,
which are then repaired in an error-prone manner to
generate mutations or processed to yield DNA double-
strand breaks (DSBs) to allow switch recombination
(Chaudhuri and Alt, 2004). Biochemical studies indicate*Correspondence: david.schatz@yale.eduthat AID has a preference for C nucleotides located
within the hotspot motif WRCY in the single-stranded
DNA generated by transcription (Chaudhuri and Alt,
2004). Given the abundance of actively transcribed
genes containing RGYW/WRCY motifs, the substrate
specificity of AID cannot fully explain the stringent tar-
geting of mutations to V and S regions within Ig loci.
Furthermore, uracils are incorporated into DNA by other
means, but these uracils are repaired by efficient, error-
free pathways, suggesting that AID-generated uracils
are recognized by an error-prone variant of a repair path-
way. Thus, two aspects of SHM, AID-mediated deami-
nation and error-prone DNA lesion repair, must be tar-
geted to the V regions of Ig loci.
Chromatin modifications are involved in the regula-
tion of two Ig diversification processes, V(D)J recombi-
nation and CSR (Hesslein and Schatz, 2001; Li et al.,
2004; Nambu et al., 2003), but their role in SHM is not
as clear. In a recent study using the hypermutation-
inducible BL2 cell line, IgH V region (VH) chromatin was
found to be hyperacetylated in response to SHM acti-
vation. Additionally, chromatin in the VH region was
found to be hyperacetylated as compared to the CH
region, leading to the conclusion that histone acetyla-
tion is involved in targeting SHM specifically to the re-
arranged V regions within Ig loci (Woo et al., 2003a). It
remains to be determined if chromatin modifications
play a role in targeting SHM to V regions in primary B
cells and if this regulation applies to Ig light chain loci,
which differ significantly from IgH in genomic structure.
Chromatin modifications could direct both the AID-
dependent lesion as well as the error-prone repair
phase of SHM. It has been shown that changes in his-
tone modifications occur in response to DNA lesions.
For example, DNA DSBs induce the phosphorylation of
the histone variant H2AX (γH2AX) (Bassing and Alt,
2004) and γH2AX foci have been found in association
with both CSR and V(D)J recombination (Chen et al.,
2000; Petersen et al., 2001), both of which involve DSB
intermediates. The role of DSBs and γH2AX in SHM is
much less clear. Studies employing different methods
of detection have identified blunt-ended DSBs, DSBs
with resected ends, and single-strand breaks in hyper-
mutating V regions (Bross et al., 2000; Faili et al., 2002;
Kong and Maizels, 2001; Papavasiliou and Schatz,
2000; Zan et al., 2003). Additionally, CSR, but not SHM,
is defective in H2AX deficient mice (Reina-San-Martin
et al., 2003). A recent study, however, showed that
γH2AX can be detected on the IgH V region in BL2 cells
induced to undergo SHM, leading to the conclusion
that this histone modification is triggered by SHM (Woo
et al., 2003a).
Histone H2B is phosphorylated on serine 14 in re-
sponse to DSBs induced by γ-irradiation and H2BSer14P
foci are seen in thymocytes undergoing V(D)J recombi-
nation (Fernandez-Capetillo et al., 2004). In addition,
H2B is phosphorylated during apoptosis by mammalian
sterile kinase-1 (Mst-1) (Cheung et al., 2003; Ahn et al.,
2005). The kinase responsible for phosphorylating H2B
in response to DNA DSBs is unknown. It is also cur-
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with CSR and SHM induce H2BSer14P.
In this study, we analyze, by chromatin immunopreci-
pitation (ChIP), chromatin modifications on both heavy
and light chain Ig loci during SHM in vivo. We find that
histone acetylation, H3-K4 methylation, and DNA meth-
ylation of the V region are similar in naive and GC B
cells. Additionally, although VH is hyperacetylated as
compared to C, in the Igλ locus we detect no differ-
ence in histone acetylation or H3-K4 methylation be-
tween the V and C regions. We conclude that dynamic
alterations of these chromatin modifications do not ac-
company the activation of SHM in vivo and that histone
acetylation and H3-K4 methylation do not by them-
selves confer targeting of SHM specifically to V regions
within Ig loci. Our data further suggest that γH2AX is
associated with CSR but not SHM in vivo and hence
that aspects of the DNA lesions introduced during CSR
and SHM differ. Finally, we identify a novel chromatin
marker for hypermutating V regions, H2BSer14P, and find
that H2BSer14P is associated with S in GC B cells
as well. Phosphorylation of H2B is tightly correlated
with the recruitment of Mst1 at both the V and S re-
gions. Thus, a novel pattern of histone modifications
(H2BSer14P in the absence of γH2AX) is associated with
SHM in primary B cells.
Results
Isolation and Characterization of NP-Specific GC
and Naive B cells
B1–8 transgenic mice, hereafter referred to as B1–8(Tg),
express an IgH transgene that is specific for the hapten
NP (4-hydroxy-3-nitro-phenyl) when paired with an en-
dogenously rearranged VJλ1 (Hannum et al., 2000). As
described previously (Hannum et al., 2000), approxi-
mately 2% of naive splenic B cells from B1–8(Tg) mice
express an NP-specific B cell receptor and 10%–15%
of splenic B cells express this pairing at day 10 and
day 14 after intraperitoneal immunization with NP-CGG
(chicken gamma globulin) (Figure 1A and data not
shown). For this analysis, we took advantage of the fact
that NP-specific B cells bind NIP (4-hydroxy-3-nitro-2-
iodo-phenyl) conjugated to phycoerythrin (PE) with high
Faffinity (Hannum et al., 2000). Naive and germinal center
G
(GC) B cells were isolated as NIP+, GL7−, and B220+, and
(
NIP+, GL7+, and B220+, respectively (Figure 1A). a
Flow cytometry analysis indicated that both day 10 n
and day 14 GC B cells have a lower-than-average level n
(of surface Ig than naive B cells isolated from unimmu-
cnized mice (Figure 1A and data not shown). This de-
Tcrease was not the result of reduced levels of Igλ tran-
t
scripts in GC B cells because GC and naive B cells s
have similar steady-state levels of Igλ mRNA, as mea- i
sured by quantitative (real-time) reverse-transcriptase (
cPCR (Figure 1B). We also measured AID expression in
cnaive and GC B cells as a confirmation of the purity of
pour sorted populations. AID mRNA levels were approxi-
m
mately 100-fold higher in GC B cells than in naive B n
cells, as expected (Figure 1B). Finally, we wanted to n
confirm that the Vλ but not Cλ, region of these GC B c
cells was subject to SHM. To this end, we PCR ampli-
fied, cloned, and sequenced the rearranged VJλ1 andigure 1. Isolation and Characterization of NP-Specific Naive and
C B Cells from B1–8(TG) Mice
A) Representative flow cytometry analysis of NP-specific naive
nd GC B cell populations. Rectangles indicate gates used to sort
aive and germinal center B cells from unimmunized and immu-
ized mice, respectively.
B) Relative mRNA expression of Igλ and AID in naive and GC B
ells was determined by quantitative reverse-transcriptase PCR.
he values of Igλ and AID transcripts were normalized to mb1 and
he normalized value for naive B cells was set to one. Values repre-
ent the mean of three independent experiments, and error bars
ndicate the standard deviation.
C) Genomic DNA was isolated from NP-specific naive and GC B
ells. The rearranged VJλ1 and Cλ1 regions were PCR amplified,
loned, and sequenced. Each wedge of a pie chart shows the pro-
ortion of sequences containing the indicated number or range of
utations. The number in the middle of each chart denotes the
umber of sequences analyzed. The mutation frequency (total
umber of mutations/total number of base pairs sequenced) is indi-
ated below each pie chart.
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103Cλ1 regions from NP-specific GC B cells and, to serve
as an unmutated control, naive B cells. The mutation
frequency of the V region in GC B cells was 100-fold
higher than in naive B cells, and no significant mutation
of the C region was detected in either population (Figure
1C). Thus, the relatively abundant populations of NP-spe-
cific naive and GC B cells from B1–8(Tg) mice, which uni-
formly express VJλ1 light chains (Hannum et al., 2000),
provide a system to study the molecular events associ-
ated with SHM at the endogenous Igλ locus.
Histone and DNA Modifications at the Ig Locus
in Naive and GC B Cells
We used chromatin immunoprecipitation (ChIP) to mea-
sure the levels of H3 and H4 acetylation as well as H3-
K4 methylation at four sites in the Igλ locus: two re-
gions of VJλ, Cλ, and the enhancer responsible for
driving transcription of Vλ1, Eλ3-1 (Figure 2A). GC B
cells were purified at two different time points during
the germinal center reaction, day 10 and day 14 postim-
munization, and naive B cells were collected from the
spleens of unimmunized mice. Input (prior to immuno-
precipitation) and immunoprecipitated samples were
analyzed by Taqman quantitative PCR (qPCR) for re-
gions 2, 3, and 4, but the VJλ junction (region 1) was
not amenable to Taqman analysis and hence was as-
sessed by semiquantitative PCR. Values obtained for
immunoprecipitated samples were normalized to that
of their respective input sample and then to the IP/input
ratio of the mb1 promoter. The mb1 gene is equally
well-expressed (as indicated by a microarray database
generously provided by C. Vinuesa and C. Goodnow)
and acetylated (data not shown) in murine GC and na-
ive B cells.
The results of these analyses revealed several salient
features (Figure 2). First, we did not observe any signifi-
cant differences in H3 or H4 acetylation between theFigure 2. H3 and H4 Acetylation and H3-K4
Methylation at the Igλ Locus in Naive and GC
B Cells
(A) Schematic of the Igλ locus with a VJλ1
rearrangement. Regions analyzed by PCR
are denoted by small black bars and are re-
ferred to in this and subsequent figures by
the reference number below each bar.
(B–D) H3 acetylation (B) H4 acetylation (C)
and H3-K4 methylation (D) at Igλ in day 14
and day 10 GC B cells and naive B cells as
assessed by ChIP. The AID enhancer and a
region within the coding region of β-globin
were evaluated as controls. Relative IP effi-
ciency was determined as described in Ex-
perimental Procedures. Each bar indicates
the mean of the values obtained from three
experiments with standard deviation.VJλ1 and Cλ1 regions in any sample (Figures 2B and
2C), indicating that, in the Igλ locus, levels of histone
acetylation do not correlate with the propensity to un-
dergo SHM. Control experiments revealed that levels of
H3 acetylation of VJλ1 (region 2) and Cλ1 were at least
10-fold higher in GC B cells than in T cells isolated from
B1–8(Tg) mice, demonstrating that these regions are hy-
peracetylated in B cells, as expected (data not shown
and Chowdhury and Sen, 2001, Morshead et al., 2003).
The robust level of acetylation seen at these regions
was not due to nonspecific immunoprecipitation as the
β-globin gene, which should be hypoacetylated in
these cells, was barely detectable in the IP samples.
Second, we did not observe any significant difference
in levels of acetylation for any of the Igλ regions tested
when comparing naive, day 10 GC, and day 14 GC B
cells (Figures 2B and 2C). This indicates that the transi-
tion from a nonmutating, naive B cell to a mutating, GC
B cell is not accompanied by a change in histone acety-
lation at VJλ1, Cλ1, or Eλ3-1 and that levels of histone
acetylation are maintained during the peak of the GC
response. To show that we can detect changes in his-
tone acetylation on genes differentially regulated in na-
ive and GC B cells, we examined the histone acetyla-
tion status of the AID enhancer (Sayegh et al., 2003).
We observed a 10-fold increase in the level of acetyla-
tion at the AID enhancer in day 14 GC B cells as com-
pared to naive B cells (Figures 2B and 2C).
Along with histone acetylation, H3-K4 methylation is
associated with expressed loci and with antigen recep-
tor loci activated to undergo V(D)J recombination
(Lachner and Jenuwein, 2002; Morshead et al., 2003).
Analysis of H3-K4 methylation at VJλ1, Cλ1, and Eλ3-1
revealed a pattern that mirrored that obtained for his-
tone acetylation: all three regions analyzed were equiv-
alently methylated and no significant differences were
observed between naive and day 14 GC B cells (Figure
Immunity
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tion, H3-K4 methylation is not confined to the mutating
portion of Igλ or to cells in which the mutation program
has been activated.
CpG DNA demethylation is associated with V(D)J re-
combination and CSR (Burger and Radbruch, 1990;
Burger and Radbruch, 1992; Inlay and Xu, 2003). Impor-
tantly, transgenic studies suggest that DNA methylation
can interfere with SHM as transgenes that are well tran-
scribed but contain methylated V regions do not mutate
(Jolly and Neuberger, 2001). We used an established
sodium bisulfite method to determine the methylation
status of the rearranged VJλ region in naive and GC B
cells. We found that, in both naive and GC B cells, the
F
B
four CpG motifs in VJλ1 were demethylated (Figure 3). (
bThus, the VJλ1 region is fully demethylated in naive B
rcells and its methylation pattern does not change in
lresponse to the induction of SHM. Taken together,
(
these studies failed to identify a histone or DNA modifi- B
cation that correlated spatially or temporally with SHM T
of the Igλ locus. e
c
tHistone Modifications at the IgH Locus in Naive t
and GC B Cells o
Since our findings at Igλ were not in agreement with a t
previous study that examined histone acetylation at the
IgH locus in BL2 cells (Woo et al., 2003a), we wanted
to determine whether these differences were due to the S
cdifferent Ig loci examined. To address this in primary
B cells, we examined B1–8 heavy chain knockin mice, m
8hereafter referred to as B1–8(KI), created by Rajewsky
and colleagues (Lansford et al., 1998). These mice have y
Bthe same rearranged IgH V region as the B1–8 trans-
gene. Unlike the heavy chain transgene expressed in l
wB1–8(Tg) mice, the B1–8(KI) IgH locus accumulates mu-
tations normally in its V region and is competent to un- t
Idergo CSR (Lansford et al., 1998; data not shown).
We immunized B1–8(KI) mice with NP-CGG and puri- t
Gfied GC B cells at day 14 postimmunization using the
same flow cytometry parameters as used with B1–8(Tg) e
Cmice. Naive B cells were obtained from unimmunized
spleen. Taqman qPCR was used to analyze the re- u
aarranged V region (V KI), the intronic IgH enhancer E,Figure 3. The CpG Methylation Status of VJλ1 in Naive and Day 14
GC B Cells
The four CpG motifs in the rearranged VJλ1 are indicated by the num-
bered vertical bars. Forty sequences from both day 14 GC B cells and
naive B cells were analyzed and the percent demethylation at each
of the four CpG motifs is shown for each cell population.H Higure 4. H3 and H4 Acetylation at the IgH Locus in Naive and GC
Cells
A) Schematic of the IgH locus with the VH(KI) rearrangement. Small
lack bars indicate the locations of the regions analyzed by PCR:
earranged VH(KI), E, S, and C. Arrows indicate approximate
ocations of transcription start sites.
B–C) H3 acetylation (B) and H4 acetylation (C) at IgH in day 14 GC
cells and naive B cells from B1–8(KI) mice as assessed by ChIP.
he β-globin gene was evaluated as a negative control. Relative IP
fficiency was determined as described in Experimental Pro-
edures. With the exception of S, each bar indicates the mean of
he values obtained from three experiments with standard devia-
ion. The relative IP efficiency of S was determined as the mean
f values from two experiments with the range of values shown by
he error bar., and C for H3 and H4 acetylation (Figure 4A). To
onfirm the findings described above from the B1–8(Tg)
ice, we also analyzed VJλ1 (region 2) and Cλ1 in B1–
(KI) B cells. As expected, VJλ1 and Cλ1 were acet-
lated equally and at high levels in both naive and GC
cells (data not shown). As was observed at the Igλ
ocus, no significant differences in levels of acetylation
ere seen between naive and GC B cells at the loca-
ions assayed within the IgH locus (Figures 4B and 4C).
n contrast to Igλ, however, levels of H3 and H4 acetyla-
ion were lower at C than at VH(KI) in both naive and
C B cells. We note that a portion of the C alleles will
xist on excision circles in GC B cells as a result of
SR. How this might influence histone modification is
nknown. Overall, our results demonstrate that histone
cetylation of the Igλ and Ig loci is not modulated
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although the distribution of acetylated histones differs
between the compact Igλ locus and the larger Ig locus
(see Discussion). This stands in contrast to the induc-
tion of histone acetylation that is observed in down-
stream switch regions when B cells are stimulated to
undergo CSR (Li et al., 2004; Nambu et al., 2003).
H2AX Is Detected in Association
with CSR but Not SHM
The phosphorylated histone variant γH2AX is consid-
ered to be a chromatin marker for DNA DSBs, and we
and others have reported that DSBs are associated
with SHM (Bross et al., 2000; Papavasiliou and Schatz,
2000; Zan et al., 2003) and CSR (Catalan et al., 2003;
Rush et al., 2004; Wuerffel et al., 1997). γH2AX has been
found in association with CSR by immunocytochemis-
try (Petersen et al., 2001) and ChIP of S (Begum et al.,
2004). In addition, γH2AX was detected at the VH but
not C region in hypermutating BL2 cells (Woo et al.,
2003a). We, therefore, wanted to investigate the pattern
of γH2AX at the Igλ locus, where damage responses as-
sociated with SHM cannot be confused with those asso-
ciated with CSR, and compare this pattern to that of IgH
where both SHM and CSR occur. This comparison was
especially important given that H2AX phosphorylation
can spread for many kilobases from an initial DNA lesion
(Rogakou et al., 1999; Shroff et al., 2004).
We began by analyzing VJλ1 from day 10 and day 14
GC B cells isolated from immunized B1–8(Tg) mice. We
were unable to detect γH2AX at VJλ1, Cλ, Eλ3-1, or at
mb1 in day 10 or day 14 GC B cells (Figures 5A and
5B). In the same sorted cells, however, γH2AX was as-
sociated with the S region in GC but not naive B cells,
as expected (Figures 5A and 5B). Since it is not known
if H2AX is evenly distributed throughout the genome,
we analyzed the association of H2AX at VJλ1 and S
in GC B cells (using an antibody that binds H2AX re-
gardless of its phosphorylation state) and detected
equivalent levels of H2AX at these regions (data not
shown). Our inability to detect γH2AX at VJλ1 is there-
fore not simply a consequence of an absence of the
H2AX histone at this region. We note that the region of
S analyzed in our ChIP assay is contained in the
B1–8 transgene as well as in the endogenous IgH locus.
In addition, because allelic exclusion is efficient in B1–
8(Tg) mice (Hannum et al., 2000), most endogenous IgH
alleles will lack complete VDJH rearrangements and
hence most S alleles are not in their physiological
context. The analysis of S in B1–8(Tg) mice was per-
formed primarily to provide a positive control for detec-
tion of γH2AX in these mice.
We then analyzed γH2AX at the IgH locus in B1–8(KI)
mice. In day 10 GC B cells, we detected γH2AX bound
to all regions of the IgH locus tested at levels that were
5- to 10-fold higher than the reference region, the mb1
promoter, and much higher than the β-globin gene (Fig-
ure 5C). The highest levels of γH2AX were detected at
the S and E probe sites, which are immediately adja-
cent to one another (Figure 4A), while lower levels were
observed at the more distal VH(KI) and C regions (Fig-
ure 5C). As expected, in naive B cells we could not de-
tect γH2AX anywhere on the IgH locus (Figures 5B andFigure 5. γ-H2AX at Igλ and IgH in GC and Naive B Cells
(A) γ-H2AX on Igλ in day 10 and day 14 GC B cells as assessed by
ChIP. Regions amenable to Taqman qPCR analysis (Figure 2A) are
shown in the bar graph. γ-H2AX is known to be associated with S
in activated B cells, and so S (Figure 4A) serves as a positive
control. Each bar indicates the mean Relative IP Efficiency for three
experiments, and the standard deviation is shown.
(B) Dilution PCR analysis of ChIP for γ-H2AX at region 1 of VJλ1,
S, and mb-1 promoter. Data shown are representative of at least
two independent experiments. Region 1 (Figure 2A) spans the VJλ1
junction and could only be analyzed by semiquantitative PCR. Four
3-fold titrations are shown for input, IP, and no-antibody control
samples. S and the mb1 promoter were included as positive and
negative controls, respectively. To show that γ-H2AX is associated
with S in GC but not naive B cells, a representative PCR analysis
of a ChIP of naive B cells is shown.
(C) γ-H2AX on IgH in naive and day 10 GC B cells as assessed by
ChIP. Locations of the regions analyzed are depicted in Figure 4A.
Each bar indicates the mean Relative IP Efficiency of three experi-
ments, and the standard deviation is shown.5C). Thus, γH2AX can be detected at the V region of
IgH, a locus where both CSR and SHM occur, and not
at Vλ, where only SHM occurs. This suggests that
Immunity
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wand not SHM.
h
lH2BSer14P Is Associated with SHM and CSR
mH2B is phosphorylated at serine 14 during apoptosis
H(Cheung et al., 2003; Ahn et al., 2005) and in response
1to DNA DSBs (Fernandez-Capetillo et al., 2004). In the
former case, the caspase 3-activated kinase Mst1 has a
cbeen implicated; in the latter case, the pathway leading
to H2BSer14P is unknown. We wanted to determine
iwhether H2BSer14P is a marker for regions actively un-
dergoing SHM and CSR. Naive, day 10, and day 14 GC a
1B cells were isolated from B1–8(Tg) mice and the pres-
ence of H2BSer14P at Igλ was investigated by ChIP. Al- r
tthough H2BSer14P was not associated with VJλ1 in naive
B cells, it was reproducibly detected at both site 2 (Fig- t
uure 6A) and site 1 (Figure 6B) of VJλ1 in day 10 GC BFigure 6. H2BSer14P at Igλ and IgH in GC and
Naive B Cells
(A) H2BSer14P at Igλ was assessed by ChIP in
naive B cells and day 10 and day 14 GC B
cells isolated from aicda+/+ B1–8(Tg) mice
and day 10 GC B cells from aicda−/− B1–
8(Tg) mice. The Relative IP Efficiency of
S and Igλ regions amenable to Taqman
analysis (Figures 2A and 4A) are shown in
the bar graph. Each bar indicates the mean
relative IP efficiency of three experiments,
and the standard deviation is indicated.
Since H2BSer14P is not expected to be asso-
ciated with mb1, a relative IP efficiency value
that is equal to or less than one reflects the
nonspecific background of the assay (see
Experimental Procedures).
(B) Dilution PCR analysis of ChIP for
H2BSer14P at region 1 of VJλ1 and mb-1. Data
shown are representative of at least two ex-
periments. ChIP analyses were performed
on samples from naive and day 10 GC B
cells from aicda+/+ B1–8(Tg) mice and day 10
GC B cells from aicda−/− B1–8(Tg) mice.
Three 3-fold titrations are shown for input, IP,
and no antibody control samples. mb1 was
included as a negative control.
(C) H2BSer14P at IgH was assessed by ChIP
in naive and day 10 and day 14 GC B cells
isolated from B1–8(KI) mice. The locations of
the regions of IgH analyzed are depicted in
Figure 4A. Each bar indicates the mean rela-
tive IP efficiency of three experiments, and
the standard deviation is shown. Relative IP
efficiency values equal to or less than one
reflect the nonspecific background associ-
ated with the assay.ells. For site 2, where quantitation was straightfor-
ard, H2BSer14P was detected at levels 5- to 16-fold
igher in day 10 GC B cells than in naive B cells, where
evels were consistently equal to background as deter-
ined by the mb1 locus (Figure 6A). Lower levels of
2BSer14P were detected at VJλ1 in day 14 than in day
0 GC B cells (Figure 6A). H2BSer14P was also detected
t S in day 10 and day 14 GC B cells, but not naive B
ells, in B1–8(Tg) mice (Figure 6A).
We then examined H2BSer14P levels at the IgH locus
n splenic B cells from B1–8(KI) mice. H2BSer14P was not
ssociated with the VH(KI) or S regions in naive or day
4 GC B cells but was reproducibly detected at both
egions in day 10 GC B cells, at levels 4- to 7-fold higher
han in naive B cells (Figure 6C). H2BSer14P was not de-
ected at E or C at any time point, suggesting that
nlike γH2AX, this modification does not spread from
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107the site of a DNA lesion. Detection of H2BSer14P at Vλ as
well as VH and S suggests that, in contrast to γH2AX,
H2BSer14P is induced in response to events shared by
SHM and CSR. The data also suggest that association
of H2BSer14P with V and S regions is transient as it
does not persist throughout the germinal center re-
sponse.
As AID is the initiator of both SHM and CSR, it was
important to determine whether association of H2BSer14P
with the Ig loci is dependent upon AID. Aicda-/- B1–8(Tg)
mice were immunized with NP-CGG and day 10 postim-
munization GC B cells were purified and the presence
of H2BSer14P was analyzed by ChIP. In contrast to
Aicda+/+ B1–8(Tg) mice, Aicda-/- B1–8(Tg) mice did not
exhibit detectable H2BSer14P at Vλ or S (Figures 6A
and 6B). Thus, the phosphorylation of H2B at Igλ and
S is dependent upon AID.
Since Mst1 is the only known kinase of H2B, we used
ChIP to determine whether Mst1 might be found in as-
sociation with the same Ig DNA regions that accumu-
late H2BSer14P in response to SHM and CSR. Due to a
significant degree of variability in the detection of Mst1
by ChIP, the complete data set is presented as scatter
plots. Strikingly, Mst1 was detected at VJλ1 and S but
not the mb1 promoter, Cλ, Eλ3-1, or β-globin in day 10
GC B cells from immunized B1–8(Tg) mice (Figures 7A
and 7B). Similarly, Mst1 was detectable in day 10 GC B
cells on both VH(KI) and S in the B1–8(KI) mice (Figure
7C). In naive B cells, however, Mst1 was not detectable
at any region analyzed, including Vλ, VH or S (Figures
7A–7C). Additionally, Mst1 was not observed at Vλ, VH
or S at day 14 postimmunization (data not shown), in
keeping with the reduced levels of H2BSer14P seen at
this time point. Based on these data and the known
function of Mst1 as a kinase of H2B, we propose that
Mst1 phosphorylates H2B in response to an AID-initi-
ated event in both SHM and CSR.
Discussion
Our data indicate that the transition from a nonmutat-
ing, naive B cell to a hypermutating, GC B cell is not
dependent upon changes in total H3 or H4 acetylation,
H3-K4 methylation, or DNA methylation at Ig V regions,
and that, furthermore, these histone modifications are
not responsible for confining SHM to the V region within
Ig loci. Additionally, we find that γH2AX, a chromatin
marker for DNA DSBs, is associated with CSR but not
SHM, while H2BSer14P is associated with both pro-
cesses in an AID-dependent manner. Our data suggest
that Mst1 is the kinase responsible for the phosphoryla-
tion of H2B during SHM and CSR. Together, these data
suggest that the DNA lesions introduced during SHM
and CSR differ. The findings also provide insight into a
novel pathway involved in the recognition of SHM and
CSR associated lesions.
A recent study using the transformed cell line BL2
concluded that histone acetylation is partially responsi-
ble for targeting SHM to the IgH V region (Woo et al.,
2003a). In agreement with the BL2 study, we find that
the VH region is hyperacetylated as compared to C in
primary B cells; however, we also show that histone
acetylation is similar between Vλ and Cλ. We speculateFigure 7. Mst1 at Igλ and IgH in GC and Naive B Cells
(A) ChIP was used to analyze the association of Mst1 with Igλ. The
relative IP efficiency from four independent experiments using day
10 GC B cells (closed circles) and three independent experiments
with naive B cells (open circles) is shown in the scatter plot with
the mean for each indicated with a black bar. Since Mst1 is not
expected to be associated with mb1, a relative IP efficiency value
that is equal to or less than one reflects the nonspecific background
of the assay. The regions analyzed are depicted in Figure 2A.
(B) Dilution PCR analysis of ChIP for Mst1 at region 1 of VJλ1 and
mb-1. Data shown are representative of at least two experiments.
The mb1 promoter was included as a negative control. Three 3-fold
titrations are shown for input, IP, and no antibody control samples
from naive and day 10 GC B cells.
(C) Mst1 association with IgH was analyzed by ChIP using B1–8(KI)
mice. The scatter plot shows the relative IP efficiency from four
independent experiments using day 10 GC B cells (closed circles)
and three independent experiments using naive B cells (open cir-
cles) with the mean for each indicated with a black bar. Relative IP
efficiency values equal to or less than one reflect the nonspecific
background associated with the assay (see Experimental Pro-
cedures). Figure 4A shows the locations of the regions analyzed.that the distinct acetylation patterns observed at IgH
and Igλ are due, at least in part, to the different sizes
of the loci. It is well-established that levels of histone
acetylation are highest at transcription start sites with
a gradual decline over the length of the gene (Kuo et
Immunity
108al., 2000; Liang et al., 2004). Cλ is only about 1.6 kb a
faway from the Igλ transcription start site, while C is
4.5 kb away from the nearest promoter, I, and over 10
tkb from the IgH transcription start site. Additionally, the
BL2 study found that histone acetylation of VH, but not D
AC, increases in response to the induction of SHM
(Woo et al., 2003a). We show that, in vivo, histone acet- t
pylation, histone methylation, and DNA methylation are
similar in naive and hypermutating B cells at both Igλ H
gand IgH. Therefore, in primary B cells, activation of the
SHM program is not accompanied by dynamic alter- γ
Hations of these chromatin modifications. It is still pos-
sible that these modifications are a necessary condition u
ifor SHM. Because similar patterns of modifications are
seen in naive and GC B cells, it may be that a precondi- l
ttion of SHM is established at or before the mature B
cell stage.
gγH2AX is thought to be involved in the repair of DSBs
by providing a unique chromatin structure recognized l
iby repair proteins and/or by assisting in the tethering
of the broken DNA ends (Bassing and Alt, 2004). CSR w
Ais associated with DSBs and γH2AX while the involve-
ment of DNA DSBs in SHM is controversial. We find t
tthat γH2AX is not detectably associated with the Igλ
locus in hypermutating GC B cells. In contrast, γH2AX f
ican be detected throughout the IgH locus, at VH, C,
E, and S in primary GC B cells. These data suggest
athat while CSR produces DNA lesions (presumably
DSBs) that induce γH2AX formation and locus-wide r
tspreading, SHM does not do so to a detectable level.
How can this be reconciled with previous findings of a
tDSBs in SHM? Both we (Papavasiliou and Schatz,
2000) and others (Bross et al., 2000; Zan et al., 2003) d
phave identified blunt DSBs in V regions, but because
these lesions were found to be AID-independent (Bross y
det al., 2002; Papavasiliou and Schatz, 2002; Zan et al.,
2003), it is unclear how they are generated or whether m
tthey have any role in SHM. One possibility is that they
are generated when the DNA replication fork en- t
dcounters a SSB, as previously suggested (Haber, 2001),
although this leaves unaddressed the source of SSBs l
gin the absence of AID. AID-dependent, staggered DSBs
have also been detected in V regions (Zan et al., 2003), a
and perhaps these are the equivalent of the staggered
DSBs that predominate in S regions (Rush et al., 2004). s
cAs proposed below, SHM and CSR may differ more in
the quantitative level of DNA strand lesions (CSR > w
aSHM) than in the qualitative nature of the lesions, with
the consequence that DSBs in SHM are sufficiently in- u
tfrequent that γH2AX levels remain below detectable
limits. We also cannot rule out the possibility that DSBs (
tin SHM invoke a distinct repair response from those of
CSR, perhaps because of differences in when they are g
Hgenerated in the cell cycle (Papavasiliou and Schatz,
2000; Petersen et al., 2001). M
pA recent study showed that γH2AX can be detected
on the IgH V region in BL2 cells induced to mutate but I
cnot in uninduced cells (Woo et al., 2003a). Because
phosphorylation spreads to other H2AX molecules t
awithin kilobases of an initial DNA lesion, IgH V regions
may be associated with γH2AX as a result of spreading
pfrom DNA lesions within S regions. Although BL2 cells
do not undergo CSR in response to the stimuli used to t
(trigger SHM, it is possible that DNA lesions still occurt S in response to the stimuli, thereby explaining the
inding of γH2AX at VH in BL2.
H2B is phosphorylated in response to activation of
he apoptotic pathway, V(D)J recombination, and DNA
SBs produced by γ-irradiation (Cheung et al., 2003;
hn et al., 2005; Fernandez-Capetillo et al., 2004). In
his study, we show that H2BSer14P is spatially and tem-
orally correlated with both SHM and CSR. Further,
2BSer14P is detectable only on V and S regions, sug-
esting that this modification does not spread as does
H2AX. Interestingly, we find that phosphorylation of
2B at V and S regions is transient and dependent
pon AID. In keeping with the finding that DNA DSBs
nduce H2BSer14P (Fernandez-Capetillo et al., 2004), it is
ikely that AID-dependent lesions result in the associa-
ion of H2BSer14P with V and S regions.
The transient nature of this association could sug-
est that fewer AID-dependent lesions are generated
ater in the germinal center response or that H2BSer14P
s only required in the early stages of the response
hen cells are first triggered to begin SHM and CSR.
lternatively, H2BSer14P may recruit or retain proteins
hat eventually mask the epitope recognized by the an-
ibody used in our IPs, as has been suggested to occur
or phosphorylated H2A during the DNA DSB response
n yeast (Downs et al., 2004).
Previous studies suggest that H2BSer14P can self-
ggregate, raising the possibility that H2BSer14P plays a
ole in tethering broken DNA ends together in response
o a lesion (Cheung et al., 2003; Ahn et al., 2005). Self-
ggregation of H2BSer14P could also result in the forma-
ion of a specific chromatin structure that serves as a
ocking site for lesion repair factors or perhaps the
hosphorylated histone itself acts as such a site. In
east, phosphorylation of histone H2A at sites of DNA
amage helps to recruit components of the DNA repair
achinery (Downs et al., 2004, 2000), and it is attractive
o think that H2BSer14P serves in a similar capacity. Al-
hough γH2AX and H2BSer14P are both induced by AID-
ependent DNA lesions, the nature of these lesions are
ikely different as γH2AX and H2BSer14P do not occur to-
ether at Igλ, and do not co-localize at certain locations
t IgH.
In apoptosis in mammalian cells, caspase 3 is re-
ponsible for activating Mst1 and allowing it to translo-
ate into the nucleus, where it can come into contact
ith its substrate H2B (Cheung et al., 2003; Graves et
l., 1998). Caspase 3 is known to participate in the reg-
lation of activation induced B cell proliferation and in
he homeostatic maintenance of peripheral B cells
Woo et al., 2003b). We show that Mst1 is spatially and
emporally associated with H2BSer14P on V and S re-
ions, implicating this kinase in the phosphorylation of
2B in SHM and CSR. Given the stable association of
st1 with the V and S regions, it is possible that Mst1
hosphorylates additional proteins at these locations.
f caspase 3 is responsible for Mst1 activation in GC B
ells, then our findings raise the intriguing possibility
hat DNA lesions associated with both SHM and CSR
re sensed by a pathway that involves caspase 3.
Current widely accepted models for SHM and CSR
rovide a framework for predicting the steps leading
o H2BSer14P in SHM and H2BSer14P and γH2AX in CSR
Chaudhuri and Alt, 2004; Neuberger et al., 2003). We
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109propose that Mst1-mediated phosphorylation of H2B is
induced by a lesion, initiated by AID DNA deamination,
that is common to both SHM and CSR—likely a SSB
created by the base excision and mismatch repair path-
ways in response to a U-G mismatch. Switch regions,
however, incur an additional type of DNA lesion—DNA
DSBs—which results in accumulation of γH2AX at S re-
gions and spreading throughout the IgH locus. An inter-
esting possibility is that the density of AID-mediated
lesions—and hence SSBs—is higher in S regions than
V regions. If DSBs arise primarily when SSBs occur at
nearby positions on the two DNA strands, this could
result in much higher levels of DSBs—and hence
γH2AX—in S regions than V regions.
Experimental Procedures
Mice, Immunizations, and B Cell Isolation
Mice were maintained in a conventional SPF mouse facility at Yale
Medical School. Mice homozygous for the NP-specific IgH locus,
either the B1–8(Tg) or the B1–8(KI), were crossed to Balb/c mice
and the resulting heterozygotes were used in the experiments de-
scribed. Mice were immunized intraperitoneally with 50 g of NP-
CGG (Biosearch Technologies) precipitated in alum.
Cells were isolated from spleen and stained with microbead con-
jugated anti-CD19 (Miltenyi). B cells were enriched using the MACS
system (Miltenyi) according to the manufacturer’s protocol. B cells
were stained with anti-mouse B220 conjugated to APC (BD Phar-
mingen), anti-mouse GL7 conjugated to FITC (BD Pharmingen), and
PE (Molecular Probes) haptenated with NIP-hydroxysuccinimide
ester (Cambridge Research Biochemicals). Cells were sorted on a
Becton-Dickinson FacsVantage and FACS analysis was performed
using Cell Quest (BD Biosciences). Cell populations were consis-
tently at least 85% pure.
Quantitative RT-PCR
RNA was isolated using the RNeasy Mini Kit (Qiagen) and treated
with RNase-free DNase I (Invitrogen). 0.5 g of RNA was reversed
transcribed using Superscript II (Invitrogen) primed with random
hexamers and the resulting cDNA was subjected to real-time PCR
using Taqman probes and a Stratagene 3000XP thermocycler.
Real-time PCR was carried out in duplicate, for three independent
experiments, using 50 ng of cDNA and Qiagen HotStart Taq DNA
polymerase. In each run, serial dilutions of a standard were in-
cluded for each gene analyzed and the results used to generate a
standard curve. The starting amount of aicda, Igλ, and mb1 cDNA
were calculated relative to these standard curves. The values for
aicda and Igλ were normalized by the amount of mb1 in each sam-
ple. Taqman probes (Biosearch) were designed using PrimerQuest
software from Integrated DNA Technologies. The primers and
probes used are listed in Table S1 in the Supplemental Data avail-
able with this article online.
DNA Sequencing
VJλ1 and Cλ1 sequences were amplified with Pfu polymerase
(Stratagene). PCR products were treated with Taq polymerase and
cloned using the TOPO TA cloning kit (Invitrogen). Plasmid DNA
was isolated using the Qiagen Miniprep Kit and sequencing was
preformed by Yale’s Keck Sequencing Facility.
Chromatin Immunoprecipitation
ChIP was performed on 106 cells using the Chromatin Immuno-
precipitation Assay Kit (Upstate Biotechnology) as directed by the
manufacturer. DNA was sonicated for a total of six, 15 s pulses.
Sonicated DNA was carefully monitored by agarose gel electropho-
resis and only samples with sheared DNA products of 200–450 bp
were used in ChIP experiments. All antibodies used were from Up-
state Biotechnology: anti-acetyl Histone H3 (#06-599), anti-acetyl
Histone H4 (#06-866), anti-dimethyl H3-K4 (#07-030), anti-phospho
H2B (#07-191), anti-phospho H2AX (#07-164), and anti-Mst1 (#07-
061). Product information provided by Upstate Biotechnology indi-cated that the H4 antiserum cross-reacts weakly with additional
acetylated proteins. DNA samples were analyzed by semiquantita-
tive PCR or real-time PCR.
For semiquantitative PCR, three or four 3-fold dilutions of each
sample were made prior to PCR and then amplified with Sigma
HotStart Taq for a total of 28 cycles. Samples were analyzed on
acrylamide gels stained with SYBR green (Molecular Probes) and
quantitated with a FluorImager (Molecular Dynamics). Taqman
qPCR reactions were set up in duplicate and amplified with Qiagen
HotStart Taq for a total of 40 cycles using a Stratagene 3000XP
thermocycler. Standard curves were generated for each region an-
alyzed in each run. The Relative IP Efficiency was determined by
first subtracting the value of the no antibody control IP from the
value of the IP and then dividing this value obtained for the relevant
input sample. This IP/input value was then normalized to the IP/
input ratio of the mb1 promoter. Primer and probe sequences are
listed in Table S1.
DNA Methylation
DNA methylation status was determined by Chemicon’s CpGen-
ome Methylation Kit (Chemicon). Primers used to amplify the bisul-
fite treated V region are listed in Table S1.
Supplemental Data
Supplemental Data include one table and can be found with this
article online at http://www.immunity.com/cgi/content/full/23/1/
101/DC1/.
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